ABSTRACT: Nitromethane (NM), a high explosive (HE) with low sensitivity, is known to undergo photolysis upon ultraviolet (UV) irradiation. The optical transparency, homogeneity, and extensive study of NM make it an ideal system for studying photodissociation mechanisms in conventional HE materials. The photochemical processes involved in the decomposition of NM could be applied to the future design of controllable photoactive HE materials. In this study, the photodecomposition of NM from the nπ* state excited at 266 nm is being investigated on the femtosecond time scale. UV femtosecond transient absorption (TA) spectroscopy and excited state femtosecond stimulated Raman spectroscopy (FSRS) are combined with nonadiabatic excited state molecular dynamics (NA-ESMD) simulations to provide a unified picture of NM photodecomposition. The FSRS spectrum of the photoproduct exhibits peaks in the NO 2 region and slightly shifted C−N vibrational peaks pointing to methyl nitrite formation as the dominant photoproduct. A total photolysis quantum yield of 0.27 and an nπ* state lifetime of ∼20 fs were predicted from NA-ESMD simulations. Predicted time scales revealed that NO 2 dissociation occurs in 81 ± 4 fs and methyl nitrite formation is much slower having a time scale of 452 ± 9 fs corresponding to the excited state absorption feature with a decay of 480 ± 17 fs observed in the TA spectrum. Although simulations predict C−N bond cleavage as the primary photochemical process, the relative time scales are consistent with isomerization occurring via NO 2 dissociation and subsequent rebinding of the methyl radical and nitrogen dioxide.
■ INTRODUCTION
As a low-sensitivity high explosive (HE), nitromethane (NM [H 3 CNO 2 ] ) has become widely recognized as an ideal system for studying the chemical mechanisms associated with conventional explosive initiation and subsequent detonation. Numerous studies to investigate the fundamental processes involved in initiation and detonation have been performed on NM including shock-induced vibrational heating and energy transfer, 1,2 thermal and impact induced decomposition, 3, 4 and shock wave dynamics. 5 There is some evidence that the formation of NO 2 through homolytic bond cleavage is the critical first step that catalyzes the exothermic decomposition in the chain reaction leading to detonation. 6 Other studies indicate more complex bimolecular reactions under pressure. 7−9 The chemistry of initiation is complex and it has been conjectured that electronic excitations and photochemical pathways 10, 11 could be involved, going beyond the simple picture of thermal decomposition. 12 In its current implementation, optical initiation of conventional explosives relies on indirect thermal or shock mechanisms 13−15 that require high-powered lasers and offer little possibility of control over the reactive process. Direct optical initiation (also referred to as photoinitiation) is thought to be achievable through an excited state photodecomposition mechanism in a properly designed photoactive HE whose excited state photochemical processes would lead to initiation. At this point, no conventional materials are known to undergo direct optical initiation. In addition to pyrolysis, NM also undergoes ultraviolet (UV) photolysis making it an ideal candidate for studying photodecomposition in HEs. Photodecomposition is a critical component in photoinitiation, therefore understanding this process may have implications for the design of novel photoactive HE materials used for direct optical initiation. 16 Despite being the simplest nitroalkane, NM is endowed with surprisingly complex photochemistry and electronic structure. While its photodecomposition has been the subject of numerous experimental and theoretical investigations, 17 −30 a collective picture of dissociation dynamics remains elusive partly due to differing experimental conditions. The subpicosecond dynamics is of particular interest, as this is when photoproducts are initially formed. However, very few timeresolved experiments access the ultrafast time regime 23, 24 where the photoproduct intermediates may differ considerably from species observed at picosecond or nanosecond time scales. From the theoretical perspective, the ground and excited electronic potential energy surfaces (PES) involved in NM decomposition have been rigorously characterized.
26−29 PES mapping is an important tool that allows photochemical pathways and photoproducts to be predicted as well as provides mechanistic insights that probe the role of conical intersections 28 and identify transition states. 29, 30 However, the static description does not provide chemical reaction branching ratios, quantum yields, time scales, or excited state lifetimes. For that purpose, molecular dynamics (MD) incorporating quantum transitions must be performed. Classical force field MD has commonly been used to study shock induced and thermally induced decomposition in the ground electronic state. On the other hand, the use of excited state MD, essential to understanding the role of electronic excitations and photochemistry, has not enjoyed the same popularity.
The formation of NO 2 through C−N bond rupture described by
as shown in reaction (1) of Scheme 1 is generally agreed to be the primary photolysis process 24, 31, 32 after excitation of either the π* ← π or π* ← n transitions in NM. Among the various secondary reaction pathways, infrared (IR) multiphoton dissociation experiments of NM have shown that nitro-nitrite isomerization given by
as shown in reaction (2) of Scheme 1 is competitive with the rupture of the C−N bond. 20 Pimentel et al. 17 have shown that nitro-nitrite isomerization is the primary process in the formation of the HNO radical which has been observed in the photolysis of NM in solid argon at 20 K. It is suggested that methyl nitrite formation results from the recombination of the methyl radical and nitrogen dioxide 18 (see Scheme 1) although the exact nature of the transition state is still under debate. 29, 30 The well-known aci-ion (H 2 CNO 2 − ) and related aci-nitromethane (H 2 CNOOH) are shown in reaction (3) of Scheme 1 and will be discussed later in more detail.
In this work, we perform simultaneous UV femtosecond (fs) transient absorption (TA) spectroscopy and excited state femtosecond stimulated Raman spectroscopy (FSRS) to characterize the dynamical ultrafast optical response of the nπ* state of NM excited at 266 nm. Our experiments provide new mechanistic insights into the nπ* photodissociation pathway of NM on the fs time scale and support the "roaming pathway" hypothesis 30 of methyl nitrite formation. Experimental findings are verified using nonadiabatic excited state molecular dynamics (NA-ESMD) 33, 34 to model the nonradiative relaxation through the manifold of excited states in NM following excitation to the nπ* state. Dynamics on the actual excited state PESs allows the internal conversion to be followed as excess electronic energy is converted into vibrational energy resulting in nuclear motions and bond cleavage. We verify that NA-ESMD (a trajectory surface hopping method) can be used effectively to model photochemistry, and also provides nπ* state lifetime, quantum yield, and, for the first time, relative time scales for photochemical pathways in NM.
■ EXPERIMENTAL METHODS
A 266 nm 50 fs laser pulse was used to access the π* ← n transition of neat NM. The dynamic optical response of NM was characterized by simultaneous transient absorption (TA) spectroscopy across the 410−480 nm spectral range and excited state femtosecond stimulated Raman spectroscopy (FSRS). The laser employed in this work was a Ti:sapphire Coherent Micra oscillator and Legend USX-HE amplifier. A 33% beamsplitter was used to separate the 1 kHz 2.0 mJ 800 nm pulse into pump and probe beams. The higher energy, pump was frequency doubled and then 400 and 800 nm were mixed in a BBO crystal to create 266 nm light. The 266 nm pump beam was sent through an acousto-optical modulator pulse shaper that consisted of a 4-f zero dispersion compressor. 35 The lower energy probe beam was split with a 90% beam splitter to make a white light supercontinuum (375−750 nm) and narrow band 406 nm beam. The supercontinuum was produced by focusing a spatially selected (through an iris), bandwidth selected (20 nm bandpass, 810 nm central wavelength filter), and attenuated fraction of the 10% 800 nm probe pulse into a 2 mm quartz cuvette of deionized water. The remaining 90% 800 nm light was passed through a 6 mm thick type-one BBO crystal and two narrow band filters to create a 406 nm pulse with a Full Width at Half-Maximum (FWHM) of ∼0.7 nm.
Transient Absorption (TA). TA requires two femtosecond laser pulses: the 2 μJ 266 nm pump pulse and the nJ supercontinuum probe pulse (375−750 nm). The 266 nm pump pulse promotes a fraction of the molecules to an electronically excited state to initiate photochemical dynamics. The time delay between the pump and probe pulse is scanned, and for each time delay, the intensities of the probe pulse are recorded with and without the pump pulse. A differential absorption [ΔA(λ,t)] spectrum was computed from the absorption spectrum of the excited sample (with pump pulse) minus the ground state absorption of the sample (without pump pulse). The frequency-dependent delay, or chirp, of the supercontinuum was corrected numerically, which Scheme 1. Scheme Depicting Nitromethane, Possible Reaction Pathways, and Photoproducts
The Journal of Physical Chemistry A Article causes small artifacts due to the 50 fs delay steps. The white light continuum chirp was removed by numerically finding the maximum apparent transient absorption signal which appears when pulses overlap in time and shifting the time axis to place this at t = 0. Due to the 50 fs time step and the 250 fs chirp over the spectral range, there are 5 such shifts in time causing the apparent jumps in the spectral axis. The lifetime was determined using a narrow spectral range where no shifting occurred by fitting the TA signal to an exponential decay with an offset. The lifetime did not depend on the wavelength in this spectral range, indicating that the temporal step size of 50 fs is sufficient.
Difference Femtosecond Stimulated Raman Spectroscopy (d-FSRS). FSRS uses two pulses: a narrow bandwidth (<1 ps, 35−45 cm −1 , 5−10 μJ, 406 nm) Raman pump pulse and a supercontinuum Stokes probe pulse (0.25 ps chirped, 408−480 nm, < 20 nJ). The probe pulse is red-shifted with respect to the pump providing a Stokes field overlapping the 200−4000 cm −1 vibrational range. Raman gain features on top of the continuum probe spectrum can be observed when the pump and probe pulses interact simultaneously with the sample causing stimulated Raman transitions that are related to the bond specific vibrational modes of the sample. To probe the time-resolved vibrational structure of the electronically excited sample, the delay between the 266 nm pump (actinic pump) and the FSRS probe was scanned. The difference between the FSRS signal with and without the pump pulse is denoted as the difference FSRS (d-FSRS). The FSRS, d-FSRS, TA, and supercontinuum spectra were each recorded at 250 Hz by using 2 optical choppers.
Together with the TA spectrum, the Raman spectrum provides a description of the excited state dynamics, and enables us to directly probe NM photochemistry (NO 2 40 algorithm to follow dynamics occurring on multiple coupled electronic excited states following photoexcitation. Briefly, FSSH is a mixed quantum classical approach in which nuclei are treated classically and are propagated according to forces from a single adiabatic excited state at any given time. Transitions from one excited state to another occur stochasticically 41 based on the nonadiabatic coupling strengths. Meanwhile, electrons have a quantum mechanical description related to excited state energies, gradients, and nonadiabatic coupling terms which are computed "on the fly" analytically. 33,42−46 Electronic excited states are calculated with the collective electronic oscillator (CEO) approach 47, 48 using the configuration interaction singles (CIS) formalism 49 implemented with the semiempirical Austin Model 1 (AM1) Hamiltonian. 50 The AM1 electronic structure representation provides a good description of ground electronic state properties. This was verified for NM by computing the ground state (GS) bond dissociation energy for the C−N bond (CH 3 −NO 2 → CH 3 + + NO 2 − ) in solution giving 61.1 kcal/mol in good agreement with the gas phase measurement of 60.1 kcal/mol. 3 Furthermore, we calculate an S 1 vertical transition energy of 348 nm for a single molecule in solution. Previous single-molecule ab initio quantum chemistry calculations assign a CAS SCF gap of 326 nm. 51 Our modeling approach allows the dynamics of a photoexcited wavepacket to be followed as the system relaxes nonradiatively from an initial high energy electronic excited state back to the lowest energy excited state S 1 . Simulations were performed according to the following. Starting from the AM1 optimized GS geometry, molecular dynamics in the ground electronic state was performed for 300 ps using a time step of Δt = 0.5 fs and constant-temperature Langevin dynamics 52 to equilibrate to a temperature of 300 K using a friction coefficient of 2.0 ps
. From this trajectory, 580 snapshots were collected at 500 fs intervals to provide an ensemble of initial ground-state configurations and momenta.
For each initial configuration, oscillator strengths and vertical excitation energies for the 13 lowest energy excited states were computed using the CEO method in order to construct the equilibrated linear absorption spectrum. This was done by making a histogram of the excited state energies in which the height of the histogram is related to the average optical absorbance at a given wavelength 53 for the corresponding state. Dominating contributions to the molecular orbitals were calculated using the Gaussian 09 software package 54 at the CIS/AM1 level of theory for the vertical excitations from the AM1 optimized GS geometry. The π* ← n transition was chosen as the initial excitation according to a Franck−Condon window centered at 200 nm (see Results section) with a Gaussian temporal profile corresponding to a FWHM of 100 fs. The NA-ESMD simulations of isolated molecules were then started from the different photoexcited configurations where the nπ* state corresponds to S 4 −S 7 due to conformational disorder. Each independent trajectory was propagated using energy conserving Newtonian dynamics for 2 ps with a classical time step of Δt = 0.1 fs and a quantum time step of δt = 0.025 fs. Trivial unavoided crossings were located 37 by further reducing the quantum time step by a factor of 10, and electronic decoherence was included using the instantaneous decoherence correction. 39 A total of 417 converged trajectories were obtained which were then used to statistically compute excited state lifetimes and quantum yields. Details of our analysis in assigning trajectories as dissociative or nondissociative can be found in the Supporting Information.
■ RESULTS
Optical Spectra and Excited State Lifetime. The computed linear absorption spectrum for gas-phase NM is shown in Figure 1 where the individual contributions from each state are also shown. The experimental UV absorption spectrum shown in the inset of Figure 1 was recorded for a 0.01 M NM solution in water. While the computed spectrum shows a uniform blue shift of 50 nm with respect to the experimental spectrum, the spectral features and their relative energy difference are reproduced by the chosen level of theory. For NA-ESMD simulations, rather than the absolute energy, the energy difference is the relevant factor related to the strength of the nonadiabatic coupling and thus the relaxation rate. Nitromethane is known to exhibit the π* ← n transition in a weak-band at 270 nm 55 while a stronger absorption band at 198 nm is associated with the π* ← π transition. 56 Therefore, we can assign the peaks in the theoretical spectrum at 220 nm to the nπ* state and 150 nm to the ππ* state. Indeed, this can be verified by molecular orbital analysis shown schematically in The Journal of Physical Chemistry A Article Figure 1 . As can be seen, the nπ* state at 220 nm corresponds to a HOMO → LUMO transition from the nonbonding oxygen electrons to a NO 2 π orbital, and the ππ* state localized on NO 2 arises from a HOMO-3 → LUMO transition. Lower energy transitions appearing near 255 nm in the computed spectrum correspond to nσ* transitions and have relatively small oscillator strength.
The evolution of the adiabatic state populations during NA-ESMD simulations can be followed in Figure 2 . The populations are computed as the fraction of trajectories evolving on a certain state at any given time. The initially excited nπ* state population decays as the system relaxes to the lowest energy S 1 excited state where the population increases. The nπ* state population can be fit to a simple exponential decay function (shown in Figure 2 in red dashes) with the form f(x) = A exp(−x/τ nπ* ) + y 0 where τ nπ* represents the nπ* state lifetime. Rajchenbach 22 reported an excited state lifetime of nitromethane pumped with 299 nm of ≤1 ps. A significantly shorter nπ* state lifetime of 36 ± 5 fs for excitation at 271 nm was later measured by Guo. 24 We obtain a value of τ nπ* = 20.10 ± 0.04 fs from the fit which supports the previously reported sub-100 fs nπ* state lifetime. The TA signal, seen in the top panel of Figure 3 , was fit to an exponential decay function of the form f(x) = A exp(−x/τ) + y 0 with lifetime τ. In the neat liquid, the initial increase in transient absorption decayed with a lifetime of 480 ± 17 fs.
Photodissociation Pathways. The d-FSRS results shown in the bottom of Figure 3 demonstrate that only minor changes are observed after the initial excitation. We cannot clearly resolve vibrational changes at times <200 fs, and only minor spectral evolution occurs at times longer than 200 fs. We have measured TA and d-FSRS to times >150 ps, as reported earlier.
57 Figure 4 shows the FSRS and d-FSRS spectrum, along with the product spectrum obtained by adding 8.5% of the original NM FSRS spectrum to the d-FSRS to account for loss of reactants. The product spectrum exhibits a shifted peak in the C−N bond region signaling a C−O bond. There are still strong peaks in the NO 2 regions. The simplest interpretation of the d-FSRS photoproduct spectrum is an isomerization to methyl nitrite. This conversion appears to happen on a subpicosecond time scale, as no transient C−N bond breakage is apparent in the d-FSRS of Figure 3 prior to formation of the final product.
We observe the main Raman peaks of the photoproduct at 885, 1310−1430 (broad), 1570, 1700, 2920, and 2980−3080 . 63 The CH 3 peaks at ∼1385 would shift to ∼1020 with deuteration; 64 we observe the broad peak at 1400 cm −1 to remain unchanged upon full deuteration of the nitromethane, a clear signature that the peak is not due to CH 3 .
Methyl nitrite has strong IR absorptions at ∼550−650, 780− 875, 950−1050, and 1600−1700, as well as weaker absorptions around 1340−1490 and 2900−3070 cm −1 . 66 There are peaks due to two isomers that interconvert at room temperature. 67 At ambient conditions, methyl nitrite is a gas that must be synthesized and purified with multiple cryogenic distillation steps. 68 We have not undertaken the production of methyl nitrite, and while there are no Raman results in the literature, we use the gas phase 67, 68 and matrix 66 IR methyl nitrite studies to compare to our data. If the Raman intensity of the peaks around 1400 (NO stretch) and 3000 (C−H stretches) cm
are stronger than the IR activity, methyl nitrite is a reasonable assignment for our photoproduct. On the other hand, the photoproduct peak at 885 cm −1 is not well matched to methyl nitrite, and the weak peaks 1570 and 1700 cm −1 are also shifted from the expected 1650 cm −1 peak. We tentatively assign the photoproduct to methyl nitrite with a reasonable match to key spectral features measured in low temperature rare gas matrix, and due to the more decisive elimination of other likely photochemical pathways.
The primary photodissociation pathway observed during gasphase NA-ESMD simulations was cleavage of the C−N bond according to reaction 1. The dissociation of NO 2 occurred in 101 trajectories giving a predicted quantum yield of 0.24. We also observed nitro-nitrite isomerization in NA-ESMD simulations. This process is known to be a competitive pathway to C−N bond cleavage. 20 The production of methyl nitrite shown in reaction 2 was seen in 14 trajectories giving a predicted quantum yield of 0.03. For those trajectories that undergo methyl nitrite formation, the average maximum C−N bond distance was 3.0 ± 0.2 Å. (See the Supporting Information for a description of the analysis used to assign pathways to the NA-ESMD trajectories.)
The final photodecomposition pathway that was observed in simulations was the formation of aci-nitromethane (H 2 CNOOH), which is formed by migration of a hydrogen from the methyl center to one of the oxygen atoms of the nitro group according to
(See reaction (3) in Scheme 1). The aci-nitromethane species is involved in detonation sensitization and can be produced upon UV irradiation. 21 Only 1 instance of this pathway was observed in our simulations corresponding to a relatively low quantum yield of 2.4 × 10 −3 verifying that this is not the dominant nπ* photoproduct.
We computed time scales for the two dominant photodissociation pathways observed in NA-ESMD simulations, specifically, C−N bond cleavage and methyl nitrite formation. To do this, we track the relevant bond lengths during dynamics considering only those trajectories that exhibit the pathway of interest. The evolution of the average separation distance can be seen in Figure 5 for the C−N bond (top panel of Figure 5 ), which breaks to produce NO 2 (H 3 C−NO 2 ) in reaction 1 and the C−O bond (bottom panel of Figure 5 ) that forms during isomerization of the nitro group (H 3 C−ONO) in reaction 2. As can be seen, the average C−N bond length increases as the bond stretches and breaks while the average C−O separation distance shortens as the new bond is formed (additional discussion of the average C−N separation distance can be found in Supporting Information). The time scale for NO 2 dissociation was computed by fitting the average C−N bond length evolution to a simple exponential growth function of the 2 ) + y 0 to determine the time scale for C−O bond formation represented by τ C−O . We compute time scales of τ C−N = 81 ± 4 fs for NO 2 dissociation and τ C−O = 452 ± 9 fs for the nitro-nitrite isomerization. The fits are shown in Figure  5 in red dashes and the time scales and fitting parameters are provided in Table 1 along with the computed quantum yields for each pathway. Note that the time scale for aci-nitromethane (H 2 CNOOH) formation could not be computed as there was not a large enough sample to compute a statistically relevant time scale. The predicted total photolysis quantum yield for nπ* is 0.27 which agrees with the quantum yield at 299 nm of 0.24 ± 0.05 measured by Rajchenbach.
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■ DISCUSSION
The apparent discrepancy between experimental observation of methyl nitrite as the primary photoproduct and the results of our NA-ESMD simulations, which predict the highest quantum yield for NO 2 dissociation, can be reconciled. NO 2 dissociation observed in gas phase NA-ESMD simulations can be interpreted as the first step of methyl nitrite formation. In solution, caging effects may promote rebinding of the dissociated NO 2 (see Scheme 1), similar to the caging mechanism observed for I 2 photodissociation in the solid matrix. 69, 70 The gas phase, by contrast, is less amenable to recombination as any dissociated NO 2 can quickly diffuse making the isomerization pathway difficult to observe in our simulations.
This mechanism is supported by the relative time scales for the two processes: NO 2 dissociation is predicted to occur on a very fast time scale of 81 ± 4 fs, whereas methyl nitrite formation is much slower having a time scale of 452 ± 9 fs. Note that this time scale is similar to the 480 ± 17 fs decay of TA reported here, with methyl nitrite as the apparent product observed in FSRS. NO 2 dissociation and subsequent rebinding in the nitrite arrangement is consistent with predicted time scales. Therefore, we expect that methyl nitrite formation in solution should be a dominant process. Furthermore, the 3.0 Å maximum C−N bond distance observed during isomerization supports the "roaming pathway" hypothesis. 30 
■ CONCLUSION
To summarize, the ultrafast fs time scale photodissociation dynamics of the nπ* transition at 266 nm in condensed liquid NM have been investigated by simultaneous UV transient absorption spectroscopy and excited state FSRS and d-FSRS. Gas-phase NA-ESMD simulations have also been used to model the photodissociation dynamics. The persistent strong peaks in the NO 2 regions and slight shifts between the FSRS and d-FSRS C−N vibrational peaks strongly suggest methyl nitrite as the primary photoproduct that is likely formed on a subpicosecond time scale. The TA spectrum shows an excited state absorption with a lifetime of 480 ± 17 fs consistent with the predicted time scale of 452 ± 9 fs for methyl nitrite formation calculated from NA-ESMD simulations. NA-ESMD simulations predict an nπ* total photolysis quantum yield of 0.27 and have confirmed the previously reported sub-100 fs nπ* state lifetime. NO 2 dissociation was found to be relatively fast compared to the slower methyl nitrite formation consistent with isomerization through recombination of the methyl radical and nitrogen dioxide.
The present simulations provide confidence that NA-ESMD can be used successfully to model photochemistry and provide valuable mechanistic insights that often cannot be accessed by experiment alone. While the CIS electronic structure description used in the present NA-ESMD implementation provides a good description of crossings in the excited state manifold, it cannot follow crossings between the first excited state with the ground state. As a consequence, our reported results do not include hot ground state reactions that might affect the final photoproduct yields on longer time scales. Ongoing development of NA-ESMD methodology seeks to address this limitation as well as introduce spin state dynamics of photofragments in order to to extend modeling in molecular photodissociation processes to longer time scales. Despite this limitation, we now have a combined experimental and theoretical toolbox that will allow us to determine relative time scales, quantum yields, photoproducts and intermediates, and mechanistic information that can be applied to the future design of novel photoactive HE materials and a variety of functional molecular systems undergoing photochemical reactions.
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